A total of 1595 middle-aged healthy men consuming alcohol up to 120 ml per day and 538 without alcohol consumption were recruited from an occupational population, and their insulin resistance (IR) and betacell function (BC) were measured using the homeostasis model assessment (HOMA-IR and HOMA-BC), and the associations with alcohol consumption, blood pressure (BP), and serum gamma-glutamyltransferase (GGT) levels were analysed cross-sectionally. Both HOMA-IR and HOMA-BC were decreased with increasing alcohol consumption, but HOMA-BC corresponding to a level of HOMA-IR was 4-10 and 8-20% lower in drinkers consuming less than 60 ml of alcohol per day and those consuming more, respectively, than in nondrinkers, suggesting an altered fasting serum insulin-glucose relationship in alcohol consumers. Although BP was higher and HOMA-IR was lower in alcohol consumers than in nonconsumers, BP was higher at higher HOMA-IR irrespective of alcohol consumption. Elevations of serum GGT were positively associated with BP and HOMA-IR in both alcohol consumers and nonconsumers. Multiple regression analyses in the subjects showed that elevated serum GGT was an independent contributor to HOMA-IR elevations, and both serum GGT and HOMA-IR were significantly related to BP elevations after adjusting for alcohol consumption, age, body mass index, cigarette consumption, and physical activity at leisure. Although cross-sectional observations do not provide evidence of causal association, the results suggest that elevated serum GGT in alcohol consumers relates to elevations of IR and that the elevated insulin resistance relates, at least partly, to BP elevations in alcohol consumers.
Introduction
Although the biological mechanisms involved in elevations of blood pressure (BP) due to alcohol consumption have remained obscure, a significant association between elevations of serum gammaglutamyltransferase (GGT) activity and BP has been observed in alcohol consumers, [1] [2] [3] and confirmed by follow-up studies [4] [5] [6] and an interventional observation. 7 The findings suggest that alcoholic liver manifestations and the subsequent biological effects may be involved in alcohol-related BP elevations. Elevated serum GGT relates not only to BP elevations but also to other coronary risk factors characteristic of the metabolic syndrome, such as impaired glucose tolerance and dyslipidaemia, even irrespective of alcohol consumption. [8] [9] [10] Since insulin resistance (IR) is supposed to be the core pathology in the metabolic syndrome, [11] [12] [13] elevated serum GGT in alcohol consumers may also relate to increased IR, and may play a role in BP elevations.
Meanwhile, light to moderate alcohol consumption is protective against the development of coronary heart disease (CHD), [14] [15] [16] and even against noninsulin-dependent diabetes mellitus (NIDDM) 17, 18 although this is still disputed. 19 The protective effects of moderate alcohol consumption on CHD have been attributed to elevated serum HDL-cholesterol levels, suppressed coagulation capacity, and/or the role of antioxidant substances contained in alcoholic beverages. 20, 21 More recently, beneficial effects on IR have been proposed as another possible mechanism, 22 implying that improved IR may suppress the metabolic syndrome in moderate alcohol consumers, and thus CHD. This hypothesis is mainly based on the findings of low insulin levels in the fasting blood of moderate alcohol consumers. [23] [24] [25] [26] From these conflicting contentions on the relation between IR and alcohol consumption and the diverse effects on health, including hypertension, we aimed to clarify the associations of IR with BP elevations in light to moderate regular alcohol consumers who are often found in a healthy population. The exact measurement of IR, such as using an insulin clamp method or an intravenous glucose load test, however, is not applicable to population-based studies. In this study, therefore, IR and the pancreas beta-cell function (BC) of secreting insulin were evaluated by the homeostasis model assessment (HOMA) proposed by Matthews et al 27 in 1985. The associations of the HOMA indices with alcohol consumption, serum GGT, and BP were analysed cross-sectionally in middle-aged healthy men recruited from an occupational population.
Subjects and methods
The target subjects were selected from 2656 male workers aged between 35 and 64 years in an electronic-parts factory who participated in an annual health check-up programme, and comprised 98.3% of the male workers of that age range in this factory. Among them, we excluded 276 men who had been confirmed by the health records to have diseases possibly affecting the study results, such as cardiovascular disease, chronic liver disease, renal disease, and dyslipidaemia, diabetes mellitus and hypertension being treated with medicines. Also, 121 men who did not have records of those disease but did show body mass index (BMI) of 30 or higher, or BP of 180/110 mmHg or higher, 28 or fasting serum glucose of 126 mg/dl (7.0 mmol/l) or higher 29 in the health check-ups, were excluded so as to avoid the strong effects of marked obesity, severe hypertension, and latent diabetes mellitus on the study results. Owing to incompleteness of the measurements in the health check-ups, an additional 126 men were excluded as well. Totally, 2133 middleaged men (78.9% of the total male workers of that age range) were defined as healthy subjects. Written informed consent was obtained from all the subjects.
The subjects were measured in the morning after fasting 12 h or longer for height and body weight in light clothes with the shoes removed, and the BMI was calculated. Systolic and diastolic BP were measured with a sphygmomanometer in the sitting position after resting on a chair for 5 min or longer by experienced nurses. Serum sample was separated soon after blood was obtained by venous puncture and kept frozen at À201C until the analyses. The activity of serum GGT (U/l) was measured using an automatic analyser (HITACH 7450, Hitachi, Japan) as well as the other serum hepatic enzymes activities and lipid concentrations. Fasting serum glucose concentration (mmol/l) was also measured with a hexokinase/glucose-6-phosphate dehydrogenase method using the automatic analyser. Serum insulin concentration (mU/ml) was measured with an enzyme immunoassay using an automatic analyser, IMx (Dinabot, Japan). The HOMA indices of insulin resistance (HOMA-IR) and beta-cell function (HOMA-BC) were calculated according to the following formulae: HOMA-IR ¼ (insulin Â glucose)/ 22.5 and HOMA-BC (%) ¼ 20 Â insulin/(glucose À3.5). All the subjects showed serum glucose concentration above 3.5 mmol/l, thus permitting calculation of HOMA-BC, and serum insulin concentration above the detectable limit of this method of 0.8 mU/ml. The data of serum GGT, insulin, and the HOMA indices were logarithmically transformed for the statistical analyses.
The data of alcohol and cigarette consumption and physical activity at leisure were obtained by a questionnaire and confirmed by experienced nurses. The average volume of ethanol consumed per day in the subjects was calculated from the data of usual alcohol consumption during the preceding year, that is, the frequency of alcohol consumption, the kinds of beverages, and the volume consumed on a single occasion, excluding the subjects who consume alcohol less than once a month as well as abstainers and teetotalers who were classified as nondrinkers. In all, 10 subjects who had quit drinking (exdrinkers) were also included in the nondrinkers. The subjects who consume alcohol more than once a month were classified into four categories according to the average volume of alcohol consumed per day: less than 30, 30-59, 60-89, and 90 ml or more. Cigarette consumption was classified into five categories as nonsmokers, ex-smokers, current smokers consuming less than 1 pack a day, and those consuming less than two packs, and those consuming two packs or more. The subjects were also classified into four categories of physical activity at leisure, namely doing any kind of exercise lasting 30 min or longer not more often than once a month, doing the exercise once a week or less, 2-4 times a week, 5 times or more a week.
The differences in the means of age and BMI in the subjects divided by the five categories of alcohol consumption were tested by a one-way analysis of variance (ANOVA), and those in the frequencies of current smokers and physically inactive subjects in the five alcohol consumption categories were tested by a w 2 -test. The means of systolic and diastolic BP, serum GGT, glucose and insulin, and the HOMA indices in the five categories of alcohol consumption after adjusting for age, BMI, cigarette consumption, and physical activity were calculated and tested for differences by a generalized linear model (GLM) analysis. The means of HOMA-BC corresponding to HOMA-IR levels, those of systolic BP corresponding to the HOMA indices, and those of systolic BP and the HOMA indices corresponding to serum GGT levels in nondrinkers, relatively light drinkers consuming alcohol less than 60 ml per day, and heavy drinkers consuming more, adjusting for the confounding factors, were also calculated and tested by GLM analyses. Multiple regression analyses were performed to test the independent contribution of serum GGT to the HOMA indices and those of serum GGT and the HOMA indices to elevations of systolic BP in the subjects after adjusting for alcohol consumption together with the other confounding factors. A program package of SPSS version 11.0 for Windows (SPSS Japan, Tokyo) was used for those statistical analyses, and Po0.05 was defined as significance.
Results
In all, 1595 subjects (74.8%) were defined as alcohol consumers and 538 (25.2%) as nonconsumers. Of the former, 479 (22.5%) consume less than 30 ml of alcohol per day, 581 (27.2%) 30-59 ml, 375 (17.6%) 60-89 ml, and 160 (7.5%) 90 ml or more but up to 120 ml per day. For cigarette consumption, 435 (20.4%) are nonsmokers, 417 (19.5%) are ex-smokers, 822 (38.5%) consume less than one pack per day, 441 (20.7%) less than two packs, and 18 (0.8%) two packs or more. For physical activity at leisure, 1495 (70.1%) exercise not more often than once a month, 365 (17.1%) once a week or less, 199 (9.3%) 2-4 times a week, and 74 (3.4%) 5 times a week or more.
The means and standard deviations of age and BMI in the subjects divided by the five categories of alcohol consumption with the frequencies of current smokers and physically inactive subjects who exercise not more often than once a month are shown in Table 1 . No significant differences in the means were detected by a one-way ANOVA. Smokers were found more in heavier alcohol consumers, while physically inactive subjects were found more in heavier drinkers and nondrinkers, and those differences were significant by w 2 -tests (Po0.001). Table 2 shows the means and standard errors of systolic and diastolic BP, serum GGT, glucose and insulin, and the HOMA indices in the subjects of the five alcohol consumption categories calculated by a GLM analysis adjusting for age, BMI, cigarette consumption, and physical activity. The means of BP and serum GGT increased linearly with increasing alcohol consumption, and those of serum glucose were higher in drinkers consuming 60 ml or more of alcohol per day. In contrast, serum insulin, HOMA-IR, and HOMA-BC decreased with increases in alcohol consumption. All the differences in the parameters in the five categories were significant (Po0.001). Figure 1 illustrates the means of HOMA-BC corresponding to HOMA-IR levels and those of systolic BP corresponding to HOMA-IR and HOMA-BC levels separately in nondrinkers, relatively light drinkers consuming less than 60 ml of alcohol per day, and heavy drinkers consuming more calculated by GLM analyses adjusting for the confounding factors, and tested for the differences in the means of the three alcohol consumption levels. The five (I-V) subgroups of HOMA-IR and HOMA-BC were defined according to the quintile of those distributions, that is, low to high 20% each, in the whole subjects. The means of HOMA-BC were elevated with elevations of HOMA-IR in both alcohol consumers and nonconsumers, but the means were 4-10 and 8-20% lower in the light and heavy drinkers, respectively, than in nondrinkers at a level of HOMA-IR, showing different relationships between fasting serum insulin and glucose depending on the volume of alcohol consumed.
The means of systolic BP were 3-4 mmHg and 6-8 mmHg higher in the light and heavy drinkers, respectively, than in nondrinkers at any level of HOMA-IR, but were elevated with elevations of HOMA-IR irrespective of alcohol consumption. The differences in systolic BP between the lowest and the highest HOMA-IR groups were roughly 5 mmHg in both alcohol consumers and nonconsumers. Also, at any level of HOMA-BC, systolic BP was signifi- Subjects who do physical exercise at leisure time not more often than once a month.
HOMA indices and BP in alcohol consumers Y Yamada et al cantly higher in alcohol consumers than in nonconsumers, and higher in heavy drinkers than in light drinkers. Although systolic BP seemed markedly higher in alcohol consumers than in nonconsumers at lower levels of HOMA-BC but not so at higher levels, no significant association of HOMA-BC with systolic BP was detected in the whole subjects, and the interactive effect of alcohol consumption and HOMA-BC on systolic BP was not significant (P ¼ 0.08). Figure 2 illustrates the means of systolic BP, HOMA-IR, and HOMA-BC in alcohol consumers and nonconsumers in the five subgroups of serum GGT levels based on the quintile of the distribution in the whole subjects; group I: up to 13 U/l, II: 14-17 U/l, III: 18-25 U/l, IV: 26-39 U/l, V: 40 U/l or above. Serum GGT of 40 U/l just corresponded to the 95% upper limit value obtained in nondrinkers with BMI less than 25. Systolic BP was elevated with increasing serum GGT in both alcohol consumers and nonconsumers, although it was significantly higher in alcohol consumers than in nonconsumers.
The differences in BP between alcohol consumers and nonconsumers and between light and heavy alcohol consumers seemed more marked in higher serum GGT levels, but the interactive effect between alcohol consumption and serum GGT on systolic BP was not significant (P ¼ 0.19). The means of HOMA-IR corresponding to any serum GGT level were lower in alcohol consumers than in nonconsumers, but HOMA-IR was elevated with increasing serum GGT in both alcohol consumer and nonconsumers. On the other hand, the means of HOMA-BC were also lower in alcohol consumers than in nonconsumers with no significant association with serum GGT.
The results of multiple regression analyses on the determinants of the HOMA indices in the whole subjects are shown in Table 3 . Possible independent variables selected here were age, BMI, alcohol and cigarette consumption, physical activity, and serum GGT. For alcohol and cigarette consumption and physical activity, the subjects were scored 0-4 or 0-3 according to these categories. As shown in the The increases in BP, GGT, and glucose and the decreases in serum insulin and the HOMA indices with increasing alcohol consumption were all statistically significant (Po0.001).
b Geometric means and geometric standard errors. Figure 1 Means of HOMA-BC at five levels of HOMA-IR and those of systolic BP at five levels of HOMA-IR and HOMA-BC adjusted for confounders in the subjects of different alcohol consumption levels. The I-V levels of HOMA-IR and HOMA-BC correspond to the quintiles of the distributions, low to high in 20% increments, in the subjects. Open circles represent nondrinkers, closed circles drinkers consuming alcohol less than 60 ml per day, and closed triangles drinkers consuming more.
HOMA indices and BP in alcohol consumers Y Yamada et al table, BMI was a major determinant of elevations of both HOMA-IR and HOMA-BC. Increases in age, alcohol consumption, and physical activity were related to decreases in both HOMA-IR and HOMA-BC, and cigarette consumption was related to decreases in HOMA-IR. Elevation of serum GGT was shown to be a significant independent determinant of increases in HOMA-IR, but not of HOMA-BC. The determinants of systolic BP elevations in the subjects were also evaluated by multiple regression analyses (Table 4) in three models; model A included age, BMI, alcohol and cigarette consumption, physical activity, and serum glucose and insulin as the independent variables, model B included serum GGT as an independent variable together with those variables, and model C included HOMA-IR instead of serum glucose and insulin. In model A, a great contribution to systolic BP elevations was made by serum glucose and alcohol consumption, with BMI, age, and serum insulin also related to systolic BP elevations. In model B, serum GGT showed a great contribution following serum glucose, and the contribution of alcohol consumption to systolic BP became smaller. In model C, HOMA-IR showed a significant independent contribution to BP elevations, but the contribution was not as great as those of serum glucose and serum GGT.
Discussion
Changes in insulin resistance may be involved in the development of both favourable and unfavourable cardiovascular effects of alcohol consumption. However, the knowledge available from population-based studies on this issue has been very limited, mainly because of technical difficulties in assessing IR. The HOMA indices are calculated from glucose and insulin concentrations in the fasting blood, and are thus applicable to population studies. The HOMA indices were originally obtained by repeated measurements of glucose and insulin in the blood in a limited number of subjects, 27 while the present HOMA values were obtained by a single measurement in a large number of subjects. Therefore, although a certain validity of the HOMA indices measured in populations as approximates of real IR and BC can be expected from the findings Figure 2 Means of systolic BP, HOMA-IR, and HOMA-BC at five levels of serum GGT adjusted for confounders in the subjects of different alcohol consumption levels. The I-V levels of serum GGT correspond to the quintiles of the distribution in the subjects; I: up to 13 U/l, II: 14-17 U/l, III: 18-25 U/l, IV: 26-39 U/l, V: 40 U/l or above. Open circles represent nondrinkers, closed circles drinkers consuming alcohol less than 60 ml per day, and closed triangles drinkers consuming more. 
The subjects were scored 0-4 for alcohol and cigarette consumption and 0-3 for physical activity. b Logarithmically transformed. The associations of alcohol consumption with the HOMA indices have been examined by Kiechl et al 25 in 820 middle-aged men and women who consumed up to 100 g or more of ethanol per day, and where both HOMA-IR and HOMA-BC, as well as serum insulin, decreased dose-dependently with increasing alcohol consumption, while BP and glucose were elevated with increasing alcohol consumption. Their findings are in good accordance with the present results in middle-aged healthy men who consume up to 120 ml of alcohol per day. Kiechl et al, however, did not analyse the association between the HOMA indices and BP elevations in alcohol consumers. The present study added new findings, namely that the relationship between HOMA-IR and HOMA-BC differed between alcohol consumers and nonconsumers, and that although HOMA-IR was lower in alcohol consumers, the significant positive association with BP remained similar to that in nonconsumers, except that BP at any given level of HOMA-IR was much higher in alcohol consumers.
The associations of HOMA-IR with BP in alcohol consumers and nonconsumers beg the question as to whether the much higher BP at a given level of HOMA-IR in alcohol consumers is a reflection of the pressor effects of alcohol other than those related to IR, or whether the HOMA-IR values in alcohol consumers in fact underestimate the real IR. We could not exclude the latter possibility because alcohol consumption not only lowered serum insulin levels resulting in lower HOMA-IR but also caused lower HOMA-BC, that is, 4-10 and 8-20% lower HOMA-BC in light and heavy drinkers, respectively, than in nondrinkers at a given level of HOMA-IR, mainly due to higher serum glucose in heavier drinkers.
The biological implications of the low HOMA-IR along with high BP and low HOMA-BC in alcohol consumers remain obscure at present. However, apart from the differences in the absolute values of HOMA-IR and HOMA-BC between alcohol consumers and nonconsumers and between light and heavy alcohol consumers, systolic BP was always higher in those showing higher HOMA-IR. The findings suggest that BP elevations may depend greatly on high IR even in alcohol consumers who show a low HOMA-IR, if HOMA-IR reflects IR in the subjects having each level of alcohol consumption, that is, nondrinkers, light, or heavy drinkers, and that increased IR may be a major causative factor of BP elevations in alcohol consumers, if the values of HOMA-IR in alcohol consumers underestimate their real IR.
The present study also showed that elevations of serum GGT were related to elevations of HOMA-IR both in alcohol consumers and nonconsumers and in both light and heavy drinkers, although HOMA-IR at a serum GGT level was higher in nondrinkers than in drinkers and higher in light drinkers than in heavy drinkers. If elevated HOMA-IR in the subjects of each alcohol consumption level reflects relatively higher IR, the findings are consistent with the previous findings of a significant association of elevated serum GGT with coronary risk factors characteristic of the metabolic syndrome including hypertension, irrespective of alcohol consumption. [8] [9] [10] The results of multiple regression analyses suggested that elevated serum GGT was a significant independent determinant of the elevation of HOMA-IR, although the contribution of serum GGT was smaller than that of increased BMI to HOMA-IR, and that elevated HOMA-IR made a significant contribution to systolic BP elevation, although it was not as great as those of serum glucose and serum GGT. The statistically small contribution of serum GGT to fasting serum insulin was significantly associated with the development of hypertension only in nondrinkers but not in drinkers recruited from Japanese community adults of both sexes. Such interactive effects on BP elevation were found neither between alcohol consumption and HOMA-IR nor between alcohol consumption and serum GGT in the present middle-aged male workers as shown in Figures 1 and 2 . The findings of Arima et al do not conflict with the present results because the implications of fasting serum insulin as an indicator of IR are no longer identical between nondrinkers and drinkers, and do not imply any reduction in the strength of the association between IR and BP elevation in alcohol consumers. This type of cross-sectional observation could not provide any evidence of causal association. In addition, familial factors and lifestyle factors other than smoking and physical activity were not inquired into in the present subjects. Further, the HOMA indices are approximates of IR and BC, and the biological linkage underlying the association between the HOMA indices and biological parameters, including BP and serum GGT, remains obscure. Further investigations are thus required to overcome those limitations, but it can be said from the present results that elevated IR in alcohol consumers who show elevated serum GGT may be related, at least to some extent, to their BP elevations.
Both higher serum insulin and higher glucose are supposed to be causative agents in the association between IR and high BP. [33] [34] [35] In the present subjects, fasting serum glucose showed a greater contribution to systolic BP elevations than HOMA-IR in the multiple regression analysis. In fact, serum glucose was significantly elevated in drinkers consuming 60 ml or more of alcohol per day who showed 5-8 mmHg higher systolic BP, suggesting a role of high serum glucose in BP elevations in heavy drinkers. The findings of higher systolic BP in the heavy drinkers showing lower HOMA-BC may thus be a reflection of the association between higher serum glucose and higher BP in them. However, BP was significantly elevated even in light drinkers consuming less alcohol and not showing elevated serum glucose. Elevated fasting serum glucose is, therefore, not considered to be the sole determinant of alcoholrelated BP elevation. Further investigations should be conducted on the role of serum insulin and glucose in postprandial or post glucose-loaded state with BP elevations in alcohol consumers. The role of alcoholic liver manifestations in triggering alterations in insulin-glucose relationships should also be further investigated.
